Here, we use population genomics to investigate (1) the closest relatives of top-fermenting beer yeasts; (2) whether top-fermenting yeasts represent an independent domestication event separate from those already described; (3) whether single or multiple beer yeast domestication events can be inferred; and (4) whether top-fermenting yeasts represent non-recombinant or recombinant lineages. Our results revealed that top-fermenting beer yeasts are polyphyletic, with a main clade composed of at least three subgroups, dominantly represented by the German, British, and wheat beer strains. Other beer strains were phylogenetically close to sake, wine, or bread yeasts. We detected genetic signatures of beer yeast domestication by investigating genes previously linked to brewing and using genome-wide scans. We propose that the emergence of the main clade of beer yeasts is related with a domestication event distinct from the previously known cases of wine and sake yeast domestication. The nucleotide diversity of the main beer clade more than doubled that of wine yeasts, which might be a consequence of fundamental differences in the modes of beer and wine yeast domestication. The higher diversity of beer strains could be due to the more intense and different selection regimes associated to brewing.
In Brief
How different are S. cerevisiae strains used to produce top-fermented (ale-type) beer and wine? Gonç alves et al. show that on a genome-wide scale, they are clearly discernible, beer strains being more diverse and clustering according to beer type. Moreover, domestication signatures related to brewing were found to distinguish beer and wine strains.
SUMMARY
Beer is one of the oldest alcoholic beverages and is produced by the fermentation of sugars derived from starches present in cereal grains. Contrary to lager beers, made by bottom-fermenting strains of Saccharomyces pastorianus, a hybrid yeast, ale beers are closer to the ancient beer type and are fermented by S. cerevisiae, a top-fermenting yeast. Here, we use population genomics to investigate (1) the closest relatives of top-fermenting beer yeasts; (2) whether top-fermenting yeasts represent an independent domestication event separate from those already described; (3) whether single or multiple beer yeast domestication events can be inferred; and (4) whether top-fermenting yeasts represent non-recombinant or recombinant lineages. Our results revealed that top-fermenting beer yeasts are polyphyletic, with a main clade composed of at least three subgroups, dominantly represented by the German, British, and wheat beer strains. Other beer strains were phylogenetically close to sake, wine, or bread yeasts. We detected genetic signatures of beer yeast domestication by investigating genes previously linked to brewing and using genome-wide scans. We propose that the emergence of the main clade of beer yeasts is related with a domestication event distinct from the previously known cases of wine and sake yeast domestication. The nucleotide diversity of the main beer clade more than doubled that of wine yeasts, which might be a consequence of fundamental differences in the modes of beer and wine yeast domestication. The higher diversity of beer strains could be due to the more intense and different selection regimes associated to brewing.
INTRODUCTION
Beer is one of the oldest fermented beverages consumed by mankind [1] and is produced by the fermentation of sugars derived from starches present in cereal grains, typically malted barley. The production of the forebear of modern beer follows the domestication of barley in the Fertile Crescent [2] and is revealed in Sumerian writings dated from 5,000 to 6,000 years ago [3] . The earliest known chemical evidence of barley beer is contemporary with the Sumerian writings and was obtained in the Zagros Mountains [4] , a region close to lowland Mesopotamia. Celtic tribes spread beer production and consumption through Europe as far back as 2,000 years ago [5] . Besides the Near East, Asia has a rich and less known history of ancient fermented beverages. For example, a beer-like fermented beverage prepared using rice and fruit was made in China approximately 9,000 years ago [6] .
Presently, beer is the most highly consumed fermented beverage in the world and 1.97 billion hectoliters were produced in 2013 [7] . Although many varieties of beer are produced, the vast majority can be grouped in two major types: ale and lager beer. These two categories reflect both a set of fermentation conditions and the type of yeast used, two aspects that influence the sensorial properties of the final product. Beers of the ale type are fermented by Saccharomyces cerevisiae whose cells tend to remain in suspension in the fermentation vessel, being therefore designated as ''top-fermenting'' yeasts. The fermentation is carried out at relatively high temperatures (approximately 18 C-25 C), and, in general terms, ale-type beers are closer to the ancient beer type. In contrast, lager beer, whose most distinctive feature is the low temperature at which fermentation takes place (approximately 5 C-15 C) was developed more recently, in the 15 th century [5] . Lager beers are fermented by S. pastorianus, a bottom-fermenting, allopolyploid hybrid species that is well adapted to the low temperatures of fermentation [8] . Lager brewing arose in Bavaria, gained broad acceptance by the late 19 th century [5] , and has since become the most popular beer type, representing 94% of the world market [9] .
Ale and similar top-fermented beers share with wine fermentation and bread leavening the same starter microorganism: S. cerevisiae. Various ale types originally developed in the British Isles have become popular in other parts of the world. Examples of other distinctive S. cerevisiae fermented beers are the Belgian lambic and Trappist beers and the German wheat beers. Whereas lambic beer is produced by a spontaneous fermentation in which S. cerevisiae, other yeasts, and lactic acid bacteria are involved, Trappist beers follow specific procedures that differ between production sites and can endure a secondary S. cerevisiae fermentation in the bottle. Wheat beers are brewed with a large proportion of wheat and have a spicy, clove, vanilla, and nutmeg flavor [10] . In Germany, examples of more conventional top-fermented beers are altbier, German for ''old beer,'' referring to an old and traditional method of production of topfermented beer brewed typically in Dü sseldorf, and kö lsch beer, similar to the former and brewed in Cologne.
Recent phylogenomic studies are contributing to illuminate the evolutionary history and population structure of S. cerevisiae [11] [12] [13] [14] [15] [16] by revealing either industrial variants or geographically delimited populations. In spite of these advances, a low number of ale strains have been analyzed at the genome level [17] . As a consequence, the phylogeny of top-fermenting beer yeasts is unknown, and their relationship to other industrial variants such as wine or bread strains has not been assessed. Moreover, whereas for wine yeasts some genomic alterations associated with winemaking have been reported [15, [18] [19] [20] , such knowledge is still lacking for a representative number of top-fermenting beer yeasts. Here, we use whole-genome data of a set of S. cerevisiae top-fermenting yeasts to investigate four main questions: (1) what the closest relatives of top-fermenting beer yeasts are, and (2) whether top-fermenting yeasts represent an independent domestication event separate from the already described wine and sake domestications [15, 21] . We also asked (3) whether a single or multiple domestication events can be inferred for top-fermenting yeasts, and whether (4) top-fermenting yeasts represent a non-recombinant or recombinant lineage(s) at the population level. Our results revealed that top-fermenting beer yeasts are polyphyletic with a main clade composed of at least three subgroups, dominantly represented by the German, British, and wheat beers. Moreover, some other beer yeast strains were found to be phylogenetically close to sake, wine, or bread yeasts. Specific genetic signatures of the domestication of beer yeasts were found, and we propose that the emergence of the main clade of beer yeasts is related with a domestication event distinct from the previously known cases of artificial selection of wine and sake yeasts.
RESULTS

S. cerevisiae Beer Yeasts Are Polyphyletic
We obtained whole-genome sequences for 28 S. cerevisiae beer strains. Additional sequences from beer strains and from other sources like wine, bread, and sake were also included in our study ( Figure 1 ; Table S1 ), so that in total we analyzed the genomes of 90 strains. For most of the newly sequenced beer strains, we observed an elevated number of heterozygous sites, probably due to ploidy levels higher than 2n. Genomes with more than 20,000 heterozygous sites (Table S1 ) were phased. Since in preliminary analyses we concluded that the phased haplotypes were phylogenetically very close to each other (Figures 1 and  S1 ), one haplotype per strain was randomly chosen and used in subsequent analyses.
The phylogeny depicted in Figure 1 recovered the main groups presently recognized in S. cerevisiae, namely the wine, Mediterranean oak (MO), sake, Philippines, North American-Japanese oak, West Africa, and Malaysia. Interestingly, 23 of the 30 topfermenting beer strains included in our study were resolved in a major beer clade exclusively formed by beer strains. The remaining beer strains were grouped with the sake (4), bread (2), and wine (1) strains. Therefore, although the majority of beer strains were grouped in a single and exclusive beer clade, our analysis clearly shows that top-fermenting beer strains do not form a monophyletic group. Moreover, the beer clade includes three sub-clades, one formed by German and Belgian beer strains, another sub-clade containing mostly ale strains (British, Irish, American, and Australian), and the third sub-group encompassing German beer strains of the alt and kö lsch types and TUM 513, a California ale strain (Figures 1 and 2 ). Within the sake group, two subgroups of beer strains were detected. One is formed by two Bavarian wheat beer strains (TUM 68 and TUM 127) and a starter of lambic beer (TUM 380). The other beer strain of the sake group is TUM 184, a German alt beer strain that turns out to be unrelated to the other alt-kö lsch strains. Moreover, two additional beer strains, one from South African opaque beer and the other a British ale strain, cluster together with bread strains in a distinct clade. Finally, a single strain (TUM 511), an American ale yeast, was found to belong to the wine group. This association of top-fermenting beer strains with other phylogenetic groups suggests a diversity not previously found for wine strains. Moreover, the nucleotide diversity (pairwise differences, p 3 100) of the main beer clade was 0.0026% (considering only one haplotype per strain), which contrasts with the lower genetic diversity of wine yeasts (0.0011%; [15] ).
To complement our analysis, we integrated the S. cerevisiae sub-genomes of four strains of bottom-fermenting lager yeasts, hybrids of S. cerevisiae and S. eubayanus. Two strains were of the Saaz group (CBS1503 and CBS 1538), and another two strains were of the Frohberg group (CBS 1483 and Weihenstephan TUM 34/70). As shown in Figure 2 , the S. cerevisiae subgenomes of lager strains appear to belong to the main beer clade but form a separate sub-clade with strong bootstrap support that recapitulates the two groups of S. pastorianus indicated above.
Genome-Scale Signatures of Domestication
For the beer clade, we investigated nucleotide diversity (p) and the allele frequency spectrum (Tajima's D) across the genome. Since low Tajima's D coupled with low diversity might be indicative of selective sweeps associated with beer yeast domestication, we analyzed in more detail 13 regions in seven chromosomes where both parameters were below the 2% quantile (Figures 1, S2 , and S3). Gene ontology (GO) analyses of the genes localizing to these regions showed a significant enrichment (p < 0.01) in the category ''GO:0016740; transferase activity'' (Data S1). Next, we calculated the number of shared polymorphisms and fixed differences (FDs) between the beer clade and other groups. The proportion of FDs between the beer and the wine clades was lower than that between the beer and MO clades (14.8% and 26.5%, respectively), although FDs between wine and MO were even lower (4.9%; [15] ). A total of 34 FDs were measured when the beer clade was compared with all other groups. Since these synapomorphies can be viewed as putative beer yeast domestication signatures, we identified all the coding regions containing FDs or located in the close vicinity of intergenic regions harboring FDs. GO analyses of these gene sets revealed a significant enrichment of several GO categories, namely Table S1 .
''GO:71944; cell periphery'' (p < 10 À4 ) and ''GO:5215: transporter activity'' (p < 0.01) and related terms (Data S2). Of the only three FD harboring genes that occur in regions of putative selective sweeps, namely RPS4A, CCW14, and DAN4, the latter two encode cell wall-related proteins and are included in the first significantly enriched category. Among the 11 FD harboring genes carrying missense variants, one, DCW1, encodes a protein involved in cell wall biosynthesis, and two, MAL31 and ZRT1, are membrane transporters.
Inactivation of Genes Related with Ferulic Acid Decarboxylation
The decarboxylation of ferulic acid to 4-vinylguaiacol, a phenolic compound with a smoke-like flavor, is an undesirable trait for most beers, being referred to as ''phenolic off flavor'' (POF). However, it is a selected trait for wheat and Belgian beers, contributing markedly to their characteristic clove-like flavor.
The genes responsible for the decarboxylation of ferulic acid and similar compounds like cinnamic acid are FDC1 (ferulic acid decarboxylase) and PAD1 (phenylacrylic acid decarboxylase). Taking into account previous reports [22, 23] , we analyzed the sequence of these two genes and found them to be inactive due to the presence of premature stop codons or frameshift mutations in most English-Irish ale and German alt-kö lsch strains, but not in most wheat beer strains (Figures 1 and 3 ; Data S3). For PAD1, the inactivating mutation found in beer strains is due to a stop codon position 305. This mutation was previously described [22, 23] , and we found it in all instances of gene inactivation in top-fermenting strains. A second type of inactivation was observed for the first time, but only in West African strains associated with artisanal fermentations. For FDC1, the three distinct inactivating mutations previously reported [22, 23] were found (Figures 1 and 3 ; Data S3). In the beer clade, the same type of inactivation of FDC1 consisting in the simultaneous presence of an inactivating adenine insertion at position 501 and a premature stop codon near position 460 was shared by most strains and was only absent in four wheat beer strains. For the beer strains in the sake clade, FDC1 was either functional or inactive due to a premature stop codon at position 160, as in the case of the German alt beer strain TUM 184 and several sake strains. (Figures 1 and 3 ; Data S3). The remaining beer strains, two in the bread clade and one in the wine clade, either had functional FDC1 genes or had an ale-type inactivation of FDC1 as in the case of TUM 480, a South African strain from artisanal beer that was positioned in the bread clade. Among the strains directly studied by us, this strain represented the single case where the adenine insertion was not accompanied by the presence of the stop codon. Interestingly, the FDC1 sequences for lager strains reported in a previous study [22] and included in Figure 3 also had this inactivation pattern. The lager strains had apparently functional PAD1 genes ( Figure 3 ) like most wheat beer strains. The phenotypic analysis of the production of phenolic compounds such as 4-vinylphenol and 4-vinylguaicol is shown in Table 1 . In most cases, the genotype determined above corresponded with the observed phenotype. In two cases in the sake group, a lambic beer strain (TUM 380, PAD1 and FDC1 functional) and an alt beer strain (TUM 184, PAD1 functional and FDC1 inactive), phenolic aromas were not detected in the sensorial analysis. The other exception was TUM 507, a British-style beer strain from wheat malt. In the phylogeny, it clustered with the wheat beer strains, and it produced POF, albeit in low amounts, and had inactive PAD1 and FDC1, similarly to typical non-wheat beer strains. The discrepant results suggest that gene expression might be attenuated in TUM 184 and TUM 380 and that in TUM 507 production of POF is due to a distinct compound and/or distinct enzymes.
Inactivation of Aquaporin Genes
The inactivation of aquaporin genes AQY1 and AQY2 represents a case of adaptive loss in wine strains, resulting in increased fitness in sugar-rich environments with high osmolarity [24] . The beer strains also showed frameshifting deletions or mutations giving rise to premature stop codons in aquaporin genes. For AQY1, the adenine deletion at base position 881 that renders AQY1 inactive [24] was observed in all wine strains and was also found to be present in West African strains (wine-West Africa [WWA] deletion) but was absent in all beer strains except TUM 511, a strain that clusters in the wine clade (Figures 1 and 3) . The polymorphism V121M, a change from valine to methionine at position 121 on the Aqy1 protein sequence, inactivates water transport [25] . This polymorphism was observed in all strains of the beer clade, in all sake and beer strains of the sake clade, and in the beer strains of the bread clade (beer-bread-sakePhilippines [BBSP] polymorphism). We found a new inactivation of AQY1 due to an adenine insertion (A882) present in all EnglishIrish ale strains, but not in the other strains that formed the beer clade. This inactivation was also present in the two beer strains of the bread clade and in only one sake strain. The previously reported deletion of the first 106 bp of AQY1 in Malaysian strains (Malaysian deletion) was not found in any other strain. With respect to AQY2, the known 11-bp deletion of wine strains was observed in all alt-kö lsch strains of the beer clade, in most English-Irish ale strains, and in the strains of the bread clade (wine-bread-German alt-English ale [WBGaEa] deletion). This deletion was absent in most wheat beer strains with the exception of TUM 205 that is not phylogenetically close to the other wheat beer strains of the beer clade. We found a new premature stop codon at position 792 that coincides with the previously mentioned inactivation in all alt-kö lsh strains and in a few other strains of the beer and bread clades. The G deletion at position 25, previously observed in Asian strains, among others [24] , was typical of the sake clade and was also present in the beer strains belonging to this group (Figures 1 and 3) . The G528 deletion known for the Malaysian strains [24] was not found in any other strain.
Domestication Signatures of Wine, Beer, and Sake Yeasts Three genomic regions (named A, B, and C), originally acquired from non-Saccharomyces yeasts through horizontal gene transfer and containing a total of 39 genes potentially relevant for the winemaking process, have been found to occur frequently in wine yeasts [19, 20, 26] and to be absent in oak-associated wild populations [15] . We searched for these regions in beer yeasts and observed that TUM 511, a beer strain of the wine clade, contained the three intact regions, with all the genes that were originally reported for strain EC 1118 [19] , a rare situation even for wine yeasts (Table 2) . At least one of the regions was detected in the two bread strains and in the two beer strains that form the bread clade, but they were completely absent in all beer strains of the main beer clade and in the sake clade (Tables 2 and S1 ). Another gene potentially relevant for the characterization of domesticated strains is RTM1, a member of a three-gene cluster present in the ale strains Fosters B and Fosters O [17] . RTM1 belongs to the sucrose utilization locus and provides resistance to the effects of inhibitory compounds present in molasses [27] . We searched for the presence of the RTM1 cluster and found it to be consistently present in beer strains of the beer clade and totally absent in wine strains ( Table 2 ). In the sake clade, the presence of RTM1 was not uniform-it was detected in three of the six sake strains but was absent in the four beer strains that belong to this clade. The RTM1 cluster was absent in oak-associated wild strains (with the exception of strain ZP 1050) but was present in fruit-flower-associated wild Malaysian strains (Table S1) .
We also surveyed the distribution of BIO1 and BIO6, which encode enzymes involved in biotin synthesis. Strains used in sake fermentation are able to synthesize biotin de novo, probably due to the very low biotin content of sake mash [28] , whereas the remaining industry-relevant strains are auxotrophic for biotin. As shown in Table 2 , all the strains used for the production of sake had BIO1 and BIO6. Three of the four beer strains that belonged to the sake clade also had BIO1 and BIO6. In line with previous analyses [29] , we confirmed that wine and beer strains (beer clade) do not contain BIO1 and BIO6 (Table 2) .
Copy Number Variation of Genes Involved in the Metabolism of Maltose and Related Compounds
The metabolism of maltose, the most abundant fermentable sugar in beer wort, and related compounds like isomaltose are typically encoded in subtelomeric gene families that may present considerable variation in gene copy number [30] . We investigated copy number variation (CNV) of MAL1 and MAL3, the two gene clusters that are present in the S288c reference genome available on the Saccharomyces Genome Database (SGD) [31] , contrary to MAL2, MAL4, and MAL6, which are lacking in the reference genome and were not investigated. Given that some MAL genes in different clusters can be very similar [32] , the results were manually validated as explained in the Supplemental Experimental Procedures. This analysis showed that the frequency of reads from chromosomes different from those expected to harbor the genes in question was negligible-less than 0.5% in all cases except for MAL33 and YPR196W where it was less than 5.5%. In the majority of the cases, the expected number of two copies of the actin gene (ACT1) per diploid genome was found. In three of the 47 genomes analyzed, the number of copies of ACT1 was three, while a single copy was found in two cases (Figure 4 ; Table S1 ). With one exception, the abnormal number of copies of ACT1 was found in probable Figure 1 ). Branches that are not affected by a given inactivation are signaled by an open diamond. Additional sequences for Pad1 and Fdc1 [22] and for Aqy1 and Aqy2 [24] were also included. See also Data S3.
polyploid beer strains. The beer strains of the beer clade exhibited a remarkable expansion of copies of the MAL3 locus that includes MAL31, which encodes a permease, MAL32, which encodes a maltase, and MAL33, a transcription factor. The highest copy numbers were detected for MAL31 in German strains, which had up to 15 copies. Most strains of the beer clade (21 out of 23) had six or more copies (Figure 4) . Interestingly, the strains in the bread clade were also enriched in MAL3x copies, which is in contrast with what was observed for the strains in the sake clade and for the wild strains associated with oaks. The wine strains appear to be variable, having from two to six copies of MAL3x. YBR298C-A is located in the MAL3 locus and, according to the SGD, encodes a protein of unknown function. For the strains in the beer clade, CNV of YBR298C-A parallels that of MAL31, suggesting that it may be hitchhiking. For IMA1, which encodes a major isomaltase, again the pattern described for the MAL3 cluster was observed, with a sharp increase of copies for the strains of the beer and bread cluster. Interestingly, the MAL1 cluster showed a different pattern with a less pronounced increase of gene copies, although some strains in the alt beer sub-clade and in the sake clade had up to six copies of MAL12. YPR196W, a putative maltose-responsive transcription factor [33, 34] , has a high number of copies in the strains of the beer clade, especially among German (9 to 19 copies) and wheat beers (7 to 13 copies). Some beer strains of the sake clade (TUM 68, TUM 127, and TUM 380) also had an expansion of YPR196W copies (10 to 16). The combined CNV analysis of MPH2 and MPH3, two genes with identical sequences that code for maltose permeases, indicated that these genes were lost in most strains of the beer and bread clades contrary to what was observed for the strains in the sake, wine, and oak clades where these genes are maintained in single copy. When all ten genes are considered together, the CNV results of British strains are significantly different from both German strains and those from the wheat beer group (p < 0.05, Dunn post hoc test with Bonferroni correction). Copy numbers of MAL genes between German and wheat beer strains are not distinct.
Population Structure
We analyzed the contribution of the beer yeast lineages to the global population structure of S. cerevisiae using STRUCTURE [35] , testing from 2 to 15 ancestral (K) clusters. Because the inferences made by STRUCTURE rely heavily on allele frequencies, similar sequences may have a negative interference in the analysis. Therefore, 21 strains with very similar genotypes to other strains were excluded (Table S1 ). The most comprehensive representation of sequence ancestry was achieved with K = 9 ( Figure 5 ) since analyses using higher K values did not reveal new meaningful clusters. Our analysis did not separate the domesticated wine genotypes from their closest wild relatives, the MO group, even at K = 15, possibly due to their close resemblance. The main groups of industrial variants or geographically delimited populations were recovered: wine-MO (1), sake (3), Philippines (4), North America-Japan (5), and West Africa (6) . Interestingly the beer strains of the beer clade were affiliated with a new genetic cluster depicted as cluster 2 ( Figure 5 ; Table  S1 ). Whereas several British and German strains appeared to have non-recombinant genomes since they were exclusively assigned to a single cluster, mosaicism probably caused by hybridization with the wine and sake groups was detected for the wheat beer strains and less prominently for some British strains. The hallmark of the bread group, which includes some beer strains as indicated above, is admixture between the wine, beer, and sake clusters. The association of some beer strains with wine, bread, and sake strains previously detected was fully confirmed in the STRUCTURE analysis. Table S1 .
DISCUSSION
The phylogeny and population structure analyses presented here recovered the domesticated S. cerevisiae lineages known so far, i.e., the wine and sake groups [11, 15, 21] , along with two additional domesticated groups not yet documented, the bread and beer clades. Interestingly, the beer strains analyzed in this study did not form a monophyletic clade, unlike the wine and sake groups. Furthermore, the inclusion of the S. cerevisiae sub-genomes of bottom-fermenting lager yeasts indicated that they belong to the main beer clade, although their phylogenetic placement within this clade is not clear at this stage. Moreover, lager strains maintained the ancestral version of PAD1, similarly to most wheat beer strains, whereas for FDC1, they had one of the two inactivating mutations present in British and German beer strains.
In some cases, a strain from a particular beer type clustered away from the other representatives of that beer type. One example is TUM 513, a California ale strain that clusters in the German alt-kö lsch sub-clade. It is possible that TUM 513 was a former kö lsch beer-producing strain sent to the United States. There, it was relabeled and used as a Californian strain. Since an accurate pedigree record of brewing strains is lacking, such situations of strain relabeling might occur, similarly to what has been recently documented for commercial wine strains [17] . An equivalent situation might have occurred for TUM 511, a wine strain that presently is used to ferment California ale. One of the most surprising results was the phylogenetic placement of TUM 68 and TUM 127. These two strains occupy first and second places, respectively, as wheat beer producers worldwide [36] , and TUM 68 ferments 90% of the Bavarian wheat beer production [37] . Our results revealed that the most important wheat beer strains are in the sake clade and seem to have a completely different ancestry as compared with the other wheat beer yeasts. According to the records of the Weihenstephan Research Center, TUM 127 derives directly from TUM 68, thus supporting their close relationship.
The population analyses provided evidence of a new genetic cluster, which constitutes most of the genome of the majority of German, British, and wheat beer strains and a relevant proportion of the genome of the strains of the bread clade. Together with the phylogenetic analyses, these results indicate that most top-fermenting beer strains represent a new phylogenetic lineage of S. cerevisiae. Hence, we propose that top-fermentation brewing lead to a distinct and at least partially independent domestication event. Contrary to the wine clade that has as closest relative the wild population associated with MOs [15] , the beer clade appears in a somewhat isolated position at the base of the wine + MO + bread clades, which precludes the German alt kö lsch TUM 148 Bread  PYCC 4226  2  3  4  3  3  5  2  2  2  6  0   Bread  TUM 506  2  5  7  8  6  6  3  2  2  11  0   Bread  TUM 480  2  5  6  6  5  5  3  2  2  6  0   Sake  CBS 1585  1  1  1  3  3  2  2  0  4  7  2   Sake  CBS 1598  2  3  1  3  3  2  2  0  5  7  2   Sake  NRRL Y-11572  2  1  1  2  3  2  2  2  2  10  3   Sake  TUM 184  2  1  0  2  2  2  2  2  4  3  2   Sake  TUM 380  2  3  1  5  4  3  3  2  6  16  3   Sake  TUM 68  2  1  1  4  3  3  2  2  6  10  3   Sake  TUM 127  2  2  1  4  4  3  3  2  5  12  3   Wine  TUM 511  2  5  5  4  6  3  0  0  1  5  3   Wine  Fermicru 4F9  2  6  4  5  3  3  0  0  0  7  4   Wine  IOC 9002  2  3  3  3  3  2  0  0  1  3  2   Wine  YJM 270  2  3  5  4  4  4  2  2  1  4  0   Wine  EC1118  2  2  3  2  1  2  0  0  1  3  2   Wine  AWRI 1631  2  2  2  2  1  2  0  0  1  2  2   Oak  ZP 560  2  2  2  3  3  2  3  2  1  5  2   Oak  HUN 9  2  2  2  3  4  2  3  2  1  5  6   Oak  ZP 570  2  1  2  3  3  2  3  2  1  5  5   Oak  MB 7c  2  3  3  1  2  3  3  2  1  3  2   Oak  ZP 651  2  1  2  3  3  2  3  2  1  5  5   Oak  ZP 656  2  1  2  3  3  2  3  2  1  4  5   Oak  YPS 163  2  2  3  1  2  3  2  1  1 elucidation, at this stage, of a candidate wild population from which they derive. Previous studies revealed a much higher heterozygosity level for two beer strains than observed for wine strains [17] . In this study, we systematically obtained high levels of heterozygosity for the strains of the beer and bread clades, but not for beer strains of the sake clade. This suggests that beer strains in the beer clade have a ploidy level > 2n, an observation previously reported for bread strains [38] .
While we were able to identify regions with low p and low Tajima's D values that could be the result of selective sweeps related to domestication, no well-circumscribed gene category or beer-related function was overrepresented in these regions. However, the group of genes harboring fixed differences between the beer clade and other clades was significantly enriched in genes associated with the cell wall and membrane transporters. While for most of these genes their association with beer domestication is not immediately apparent, MAL31 encodes a maltose permease, a function particularly relevant for brewing [39] . The missense variant identified in Mal31 is within the N-terminal domain, a region that was previously implicated in the regulation of turnover of Mal61, an identical transporter encoded at the paralogous MAL61 locus [40] . Quite remarkably, MAL31 appears to be strongly amplified in beer strains specifically, along with other genes involved in maltose metabolism (Figure 4) .
We also examined genes falling outside the cohort of those associated with putative selective sweeps or with fixed differences between the beer clade and other populations but that were previously identified as pertinent to brewing or other fermentations. These genes turned out to carry variations related to the domestication of beer and wine strains but were not highlighted in the genomic scans because the variants either were not exclusive to the beer clade, as in the case of aquaporin genes, or did not extend to the entire beer clade. The latter situation applies to the inactivation PAD1 and FDC1, responsible for POF, which can be circumscribed to German and British-style beers and does not include wine strains, lambic, and most wheat beer strains. In fact, and although the wheat beer strains are not monophyletic and belong to the beer and sake clades, most of these strains have functional PAD1 and FDC1 genes. Therefore, it appears that for wheat beer strains, the ancestral and functional version of these two genes was conserved, due to their relevance to the flavor of this type of beer. Another class of gene inactivations that was detected increases fitness in high osmolarity environments and concerns the paralogs AQY1 and AQY2. Our results suggest that the POF and AQY inactivations had their origins in multiple and independent events and the different inactivation types correlated in general with the phylogeny of the strains (Figure 3) .
In our survey of domestication signatures of wine, beer, and sake yeasts, we observed that the presence of complete or partial A, B, and C regions, sensu Novo et al. [19] , allows the recognition of domesticated wine yeasts and that these regions are totally absent in beer strains, thus arguing for a lack of strong gene flow between these two industrial groups or of strong positive and/or negative selection in wine and beer, respectively. The RTM1 cluster, proposed as a marker of ale strains [29] , was present, with a few exceptions, in the beer strains of the beer clade, as well as in the bread strains and in some sake strains, but it was absent in the beer strains of the sake clade. Therefore, it appears that, although prevalent in the beer clade, this marker Figure 5 . Population Structure of S. cerevisiae STRUCTURE plot based on a subset of 10 298 parsimony informative sites for K = 9. Numbers 1-6 represent the different clusters that capture the maximum representation of population ancestry. The phylogenetic groups inferred in Figure 1 are indicated at the top of the plot (PHILI, Philippines; NA-JP, North AmericaJapan; WA, West Africa; M-T, Malaysia-Taiwan). See also Table S1 .
is less restricted to a specific domesticated group and probably reflects common environmental particularities of bread dough, beer wort, and sake mash. The extreme diversity of top-fermenting beer strains is highlighted by the fact that some strains used for brewing belong to the wine, bread, and sake clades. In addition, in the main beer clade, the three sub-clades suggest that beer yeast domestication proceeded through distinct selection regimes. One possible explanation for the diversity of beer strains rests on fundamental differences between winemaking and brewing. Beer is much more dependent of re-pitching of a particular yeast, does not have the markedly seasonal incidence of wine fermentations, and includes a variety of raw materials and techniques that may have led to the establishment of different selection regimes. The search for new beer types might have contributed to co-opt wine, bread, and sake strains for beer brewing, as evidenced by our results. Therefore, we show not only a new domesticated clade of S. cerevisiae, the beer clade, but also the use of strains for top-beer fermentation that were originally used for wine, bread, and sake fermentation. This last aspect may be unique to beer since it was not previously observed for wine or sake fermentation. This first genomic glimpse at top-fermenting beer yeast domestication opens a new chapter into the understanding of the journeys of one of mankind's most useful microbes into human-made niches.
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